Introduction
============

Background
----------

Parkinson disease is a neurodegenerative disorder that is characterized by bradykinesia, rigidity, and tremor. Many patients develop fluctuations in cardinal motor symptoms, such as bradykinesia, tremor, and postural instability, and levodopa-induced dyskinesia \[[@ref1],[@ref2]\]. Nonmotor symptoms may also show fluctuations during the day \[[@ref3],[@ref4]\]. Current gold standards in symptom monitoring, such as the Movement Disorders Society (MDS)--Unified Parkinson Disease Rating Scale and the Parkinson Disease Quality of Life-39, are suboptimal to detect such fluctuations over short periods, as they cover a longer temporal domain and require active observed tasks \[[@ref5],[@ref6]\]. Monitoring methods that can also detect motor and nonmotor fluctuations over shorter periods in free-living conditions can contribute to applying personalized medicine in Parkinson disease \[[@ref7],[@ref8]\]. Examples of such new methods are telemonitoring \[[@ref9]\] and mobile health (mHealth) apps, often including wearable sensors \[[@ref10]-[@ref12]\]. Patients with neurological conditions are believed to be able to use mobile apps \[[@ref13]\]; however, the quality, validation, and usability of the available apps are often low \[[@ref14]\]. Nonetheless, there have been promising results of using mHealth monitoring systems for motor and nonmotor symptoms of Parkinson disease during free-living situations \[[@ref15]-[@ref17]\].

Electronic diaries (eDiaries) hold the potential to contribute to these new monitoring methods by collecting valuable information on motor symptoms \[[@ref18],[@ref19]\] and nonmotor symptoms in free-living conditions \[[@ref16]\].

Recently published recommendations on Parkinson disease eDiary development by a specific MDS Task Force and Committee underline the relevance and potential of this approach \[[@ref20],[@ref21]\]. Ecological momentary assessment (EMA), also referred to as an experience sampling method, is a method that collects subjective experiences at multiple, semirandomized moments during a day. Commonly used in psychiatric and psychological populations, it holds the potential for somatic diseases as well \[[@ref22]\]. The scarce literature describing EMA in Parkinson disease reports feasibility in small cohorts of up to 5 patients. Reproduction and further investigation of the usefulness and value of EMA in Parkinson disease are needed \[[@ref4],[@ref16],[@ref23]\].

Objective
---------

We developed the first specific Parkinson disease eDiary using EMA and set the first steps to validate the EMA method in a broad Parkinson disease cohort.

Methods
=======

Study Population
----------------

We included 20 patients who were diagnosed with Parkinson disease following the UK Parkinson disease Society Brain Bank Diagnostic Criteria, who were aged between 18 and 80 years, who possessed a smartphone (at least Android 4 or iPhone operating system 8), and who had adequate proficiency in the Dutch language. A Montreal Cognitive Assessment scale score lower than 24 was the only exclusion criterion \[[@ref24]\]. Demographic and general disease characteristics were collected, such as sex and age, Parkinson disease duration, levodopa equivalent daily dosage (LEDD), number of daily dopaminergic medication intake moments, presence of intraday motor fluctuations, and recent Hoehn and Yahr scores.

Ecological Momentary Assessment Study Design
--------------------------------------------

Participants enrolled between August 2018 and March 2019 and participated for 14 consecutive days. EMA questionnaires (referred to as beeps) were presented at seven semirandomized moments a day, one beep within every block of 2 hours between 8 AM and 10 PM. The questionnaire had to be opened within 15 min after notification to prevent procrastination. A separate morning questionnaire was available between 4 AM and 1 PM, and an evening questionnaire was available between 8 PM and 4 AM. Answers on statement questions were given on a 7-point Likert scale. The EMA method was executed via the smartphone app, PsyMate \[[@ref25]\]. EMA was combined with the use of three wearable sensors containing accelerometers and gyroscopes. Technical details of the protocol design and feasibility analyses are reported earlier \[[@ref26]\]. The study protocol was conducted following the Helsinki guidelines and was approved by the local medical ethical committee of Maastricht University Medical Center+.

Parkinson Disease--Specific Ecological Momentary Assessment Questionnaire
-------------------------------------------------------------------------

To the best of our knowledge, no specific EMA questionnaire for Parkinson disease exists. On the basis of a literature search and structured interviews with clinical experts, patients, and caregivers, both focused on parameters that differentiate *good* vs *bad* Parkinson moments, we determined the content of the Parkinson disease EMA questionnaire. We consulted an EMA expert group to phrase the specific questions and design the EMA method.

Data Preparation
----------------

Patients with a completion rate lower than 33% were excluded from analyses \[[@ref27]\]. Beeps containing missing values because of unfinished questionnaires or digital data transmission failure were excluded.

To analyze positive and negative affect, we calculated the mean of the items *feeling well*, *feeling cheerful*, and *feeling relaxed* and the mean of the items *feeling down*, *feeling fearful*, and *feeling stressed*, respectively. To analyze general motor function, we calculated the mean of the items *ability to perform current activity*, *ability to walk well*, *ability to talk well*, and *to experience steady mobility*. When we refer to the items *mean positive affect*, *mean negative affect*, or *general motor function* in the paper, we are referring to these calculated mean scores. General motor function in the evening questionnaire was calculated as the mean of the evening questionnaire items *ability to dress*, *ability to eat*, *ability to do household activities*, *ability to do personal care*, and *ability to walk*. The evening questionnaire items *experienced many off periods* and *experienced long off periods* were averaged in an item representing off-moment severity during the day.

To represent the change in an item since the last beep, we calculated differences over time scores. The answer to the previous beep (t−1) was subtracted from the answer of the current beep (t). Two beeps are, on average, 2 hours separated from each other. We did not calculate the difference in scores between the first completed beep a day and the last beep of the previous day.

Statistical Analysis
--------------------

We analyzed means, standard deviations, and distributions per item. A skewed distribution of answers of an item to the minimum (1) or the maximum (7) is called a floor or a ceiling effect, respectively. If present, we evaluated whether this floor or ceiling effect could be expected and could be accepted or might be based on an invalid, nonspecific, or nonsensitive question and deserved further evaluation.

To validate whether items measure what they are intended to measure, the correlation between an item and a gold standard that measures the same concept can be assessed. If this expected correlation is present, this means the construct validity of that item is proven \[[@ref20],[@ref28]\]. As there are no validated assessment scales that assess Parkinson disease symptoms as frequent as our EMA beeps, there is a lack of a gold standard measure. Therefore, we assessed the construct validity by analyzing correlations between items from the same beep that are expected to correlate based on clinical knowledge. To further analyze construct validity, we analyzed correlations between the mean answer over all beeps during 1 day and the answer from the corresponding evening questionnaire. For the latter, we excluded days without the completed evening questionnaire. As the theoretically expected correlation of sleep with other symptoms is ambiguous, we excluded the morning questionnaires from validation analyses.

We compared beep answers given in different medication conditions to explore differences in symptom severity. We merged the two transition conditions, from on-medication to off-medication and vice versa, to differentiate 3 conditions: on-medication condition, off-medication condition, and the transition between on- and off-medication condition.

By calculating correlations between scores of items that are expected to correlate, we analyzed the sensitivity of our EMA questionnaire to measure changes over time. We explored the differences between beep answers given in different medication conditions, on-medication condition, off-medication condition, and transitions between the two. The beeps identified as off-medication condition represent the wearing-off-medication condition because the patients were never fully depleted of dopaminergic medication. In the rest of the paper, we will use the term on-beeps and off-beeps to refer to these medication conditions during a completed beep questionnaire. We performed these comparisons on group and individual levels. The significance of differences between the different medication conditions was calculated using Mann-Whitney U tests. Correlations were calculated using Spearman correlation tests. *P* values were corrected with a Bonferroni correction. All the data preparation and statistical analyses were performed in Python Jupyter Notebook 3 using packages pandas (version 0.24.2), Numpy (version 1.16.4), datetime (version 1.0.0), and Scipy (version 1.3.0).

Results
=======

Study Population
----------------

We included 4 female and 16 male patients with idiopathic Parkinson disease with a mean age of 63 years (SD 7), a mean disease duration of 8 years (SD 6), and a mean LEDD of 770 mg (SD 394); 6 participants were treated with deep brain stimulation for a mean period of 3.3 years (SD 1.5; [Table 1](#table1){ref-type="table"}). The mean completion rate was 78% out of 98 continuous beeps (SD 12). No participants were excluded based on a too low completion rate (ie, completion rate \<33%) \[[@ref27]\].

###### 

Demographics of study population.

  --------------------------------------------------------------------------------------------------------------------------------
  Demographics                                       Values                                                            
  -------------------------------------------------- ----------------------------------------------------------------- -----------
  Gender ratio (female:male)                         4:16                                                              

  Age (years), mean (SD)                             63 (7)                                                            

  Disease duration (years), mean (SD)                8 (6)                                                             

  Levodopa equivalent daily dosage (mg), mean (SD)   770 (394)                                                         

  **Deep brain stimulation**                                                                                           

  \                                                  Patients with deep brain stimulation treatment, n                 6

  \                                                  Duration of deep brain stimulation treatment (years), mean (SD)   3.3 (1.5)

  **Hoehn and Yahr scale, n (%)**                                                                                      

  \                                                  1                                                                 2 (10)

  \                                                  1.5                                                               2 (10)

  \                                                  2                                                                 7 (35)

  \                                                  2.5                                                               3 (10)

  \                                                  3                                                                 3 (15)

  \                                                  4                                                                 1 (5)

  Montreal Cognitive Assessment, mean (SD)           27.6 (1.5)                                                        
  --------------------------------------------------------------------------------------------------------------------------------

Parkinson Disease Ecological Momentary Assessment Questionnaire Development
---------------------------------------------------------------------------

Affect and context items from widely applied EMA questionnaires in psychiatry were added \[[@ref29]\]. Parkinson disease--specific items are based on a literature search and structured interviews with clinicians, patients, and caregivers. A detailed description of this literature search and the structured interviews can be found in [Multimedia Appendix 1](#app1){ref-type="supplementary-material"}.

Repeated discussions with the *EMA expert group* in our institution (among them CS) gave us the following insights into designing a valid EMA questionnaire for patients with Parkinson disease: (1) do not only assess motor symptoms by direct questions about the specific motor symptom, (2) include assessment of the burden or the influence of the symptoms on the patient's performance/well-being, and (3) include items on context (where/with whom/what) and affect and to have the possibility to correct for varying settings or mood fluctuations. On the basis of the advice of the EMA expert group, we consistently phrased the questions as statements in the "I" perspective and tried to avoid confirming ("I do feel\...") and denying ("I do not feel\...") statements next to each other \[[@ref27],[@ref30]\]. Furthermore, when translating clinical terms or items from retrospective questionnaires into EMA items, we aimed to maximize face validity by using everyday language. The final EMA questionnaire is shown in [Textbox 1](#box1){ref-type="boxed-text"}.

###### Parkinson disease ecological momentary assessment questionnaire content, English translation from the original Dutch version. The beep questionnaire, which is presented seven times during the day, represents the four motor domains as well as affect, cognition, context, and motor performance. The evening questionnaire covers off-moments and motor performance over the day, and the morning questionnaire covers sleep.

**Beep questionnaire (semi-random repeated moments)**

-   I feel well

-   I feel down

-   I feel fearful

-   I feel stressed

-   I feel sleepy

-   I am tired

-   I am cheerful

-   I am relaxed

-   I can concentrate well

-   I experience hallucinations

-   I am at \[home, work, travelling, at family/friend's place, in public\]

-   I am with \[nobody, family, partner, colleagues, friends\]

-   I am doing \[work, resting, household/odd jobs, sports, something else\]

-   I can do this without hinder

-   I am comfortable walking/standing

-   I can sit or stand still easily

-   I can speak easily

-   I can walk easily

-   I experience tremor

-   I am moving slow

-   I experience stiffness

-   My muscles are tensioned

-   I am uncontrollable moving

-   I feel ... \[1: OFF, 2: ON -\> OFF, 3: ON, 4: OFF -\> ON\]

-   I took Parkinson medication since last beep \[yes, no, I don't recall\]

**Morning questionnaire**

-   I slept well

-   I woke up often last night

-   I feel rested

-   It was physically difficult to get up

-   It was mentally difficult to get up

**Evening questionnaire**

-   I had long OFF periods today

-   I had many OFF periods today

-   Walking went well today

-   (un)dressing went well today

-   Eating/ drinking went well today

-   Personal care went well today

-   Household activities went well today

-   I was tired today

Parkinson Disease Ecological Momentary Assessment Questionnaire Validity
------------------------------------------------------------------------

[Figure 1](#figure1){ref-type="fig"} shows means and distributions of all participants per item from the beep questionnaire and the evening questionnaire. Positive affect shows a small ceiling effect, whereas negative affect shows a floor effect. Experiencing hallucinations shows a strong floor effect, with only one participant experiencing hallucinations. Positive formulated items on motor functioning show a small floor effect. Experiencing tremor and dyskinesia shows stronger floor effects than experiencing slowness and stiffness.

Construct validity was assessed by evaluating the presence of expected correlations between items ([Figure 2](#figure2){ref-type="fig"}). Mean positive and negative affect showed a strong negative correlation with each other (R=−0.71; *P*\<.001; [Figure 2](#figure2){ref-type="fig"}). Both positive and negative affect scores showed moderate-to-strong correlations with general motor functioning (R=0.75 and R=−0.53, respectively; *P*\<.001). Mean positive and negative affect scores showed weak-to-moderate correlations with different motor symptoms (R=−0.37 to −0.49 and R=0.32 to 0.50, respectively; *P*\<.001). General motor functioning showed moderate-to-weak correlations with the motor symptoms tremor, slowness, stiffness, and dyskinesia (R=−0.34, −0.47, −0.44, and −0.51, respectively; *P*\<.001).

Beep answers on mean affect scores and general motor functioning from 1 day showed moderate correlations with both the items assessing the amount of experienced off-beeps and the general motor performance from the corresponding evening questionnaires in expected directions (R=−0.43 to 0.69; *P*\<.001). Beep answers during the day on slowness, stiffness, tremor, and dyskinesia showed weak-to-moderate correlations with general motor functioning answers from the evening questionnaire (R=−0.24 to 0.44; *P*\<.001). These items assessing motor symptoms in the beep questionnaires also showed weak-to-moderate correlations in the expected directions with the item assessing off-beeps in the evening questionnaire (R=0.24 to 0.69; *P*\<.001). Although dyskinesia is not a typical symptom during off-beeps, it correlated strongly with off-beeps over the whole day (R=0.69; *P\<*.001).

The correlations between difference over time scores were less strong as the absolute answers (see [Multimedia Appendix 1](#app1){ref-type="supplementary-material"} for a correlation heatmap of difference over time scores). All correlations were weak to absent.

![Distribution plots of answers from beep questionnaires. Mean positive and negative affect showed high and low mean answers, respectively. The ability to perform daily life tasks showed moderate-to-high mean answers, whereas the motor symptom items showed low-to-moderate mean answers. All items were statements and were answered on a 7-point Likert scale, ranging from 1 (not at all) to 7 (very). The white dot represents the median answer, the thick black line represents the IQR, and the thin black lines represent the rest of the distribution, calculated as IQR times 1.5. The width of the shapes correlates with the probability that the patient answered the corresponding value.](mhealth_v8i5e15628_fig1){#figure1}

![Correlations between items from the beep questionnaire and the evening questionnaires. We observed strong and moderate correlations between the motor performance items and mean positive and negative affect, respectively. We observed correlations between mean affect scores, motor symptoms, motor performance, and medication states, in the beep questionnaires and the evening questionnaires, in directions that were expected.](mhealth_v8i5e15628_fig2){#figure2}

Influence of Medication Condition on Ecological Momentary Assessment Answers
----------------------------------------------------------------------------

Of 1573 beeps, 1195 (75.97%) were labeled by patients as *answered in on-medication condition* (on-beeps), 339 (21.56%) were labeled by patients as *answered in between on- and off-medication condition* (transition beeps), and 39 (2.48%) were labeled by patients as *answered in off-medication condition* (off-beeps; [Figure 3](#figure3){ref-type="fig"}). On a group level, mean answers significantly differed between on-beeps and non--on-beeps for mean positive affect, general motor function, slowness, and dyskinesia. Mean answers between on-beeps and off-beeps significantly differed for mean positive affect, mean negative affect, general motor function, and tremor.

On an individual level, mean answers during different medication conditions did not differ significantly. The differences were either not significant or not relevant. Only 5 of 20 participants reported 20% or more beeps in the *non--on-medication condition* ([Multimedia Appendix 1](#app1){ref-type="supplementary-material"}).

![Mean answers during different medication states. The given answers in different medication conditions show significant differences. The direction of differences is as expected, except for dyskinesia, which is scored higher, on average, during off-condition compared with on-condition. Whiskers indicate standard deviations. On-beeps represent answers during on-medication, non--on-beeps represent answers during off-medication and during the transition phase, and off-beeps represent answers only during off-medication.](mhealth_v8i5e15628_fig3){#figure3}

Discussion
==========

Clinical Relevance of Ecological Momentary Assessment for Free-Living Parkinson Disease Monitoring
--------------------------------------------------------------------------------------------------

Owing to the fluctuating nature of Parkinson disease and its heterogeneous character, EMA holds theoretically great potential to increase insight into symptom severity and burden fluctuation during free-living conditions. Our work fits in the first milestone defined by the MDS Technology Task Force and the MDS Rating Scales Program Electronic Development Ad-Hoc Committee by giving insight into the prioritization of outcomes, which are relevant for the patient to measure \[[@ref20]\]. Obviously, this paper is one of the first of many to follow.

A common challenge for all future work in this field is the validation of methods and questionnaires. Validated scales only exist for Parkinson disease monitoring with longer time intervals than the short time intervals needed to detect intraday fluctuations. This fact makes classical validation with golden standards difficult and even incorrect depending on the methodology. The MDS Task Force on Technology, therefore, advices to validate new Parkinson disease monitoring methods for free-living conditions according to accuracy, reliability, sensitivity, and minimal clinically significant differences \[[@ref21]\]. This validation challenge is also relevant for the integration of additional biometric monitor devices, such as accelerometers, gyroscopes, microphones, or electrophysiological monitor devices. Vizcarra et al \[[@ref20]\] make a distinction between the integration of action-dependent and action-independent monitoring. It is expected that creating golden standards for action-dependent tasks in, for example, a laboratory setting is easier than creating standards for an action-independent setting such as free-living \[[@ref18],[@ref19]\]. For the latter, validated Parkinson disease monitoring devices collecting subjective experiences on symptom severity and burden can be of substantial value.

The most applied and promising action-independent Parkinson disease monitoring methods for free-living conditions are based on wearable sensors \[[@ref31],[@ref32]\]. Attempts to include subjective diary data in the validation of sensor data algorithms were hindered by practical limitations mainly, for example, recall bias and diary fatigue \[[@ref19],[@ref33]\]. Smartphone-based EMA methodology can be applied less obtrusively and address these traditional diary limitations. Naturally, the feasibility of this method is heavily dependent on the frequency and duration in which it is applied. These factors require thorough future investigations and may differ per intention of use, for example, wearable sensor calibration or periodic free-living monitoring of nonmotor symptoms.

General Lessons on Ecological Momentary Assessment in Parkinson Disease
-----------------------------------------------------------------------

The introduction of a new method in Parkinson disease monitoring entails challenges and questions beyond the current literature. To address these challenges and questions as effectively as possible, we gathered a multidisciplinary team consisting of those with clinical Parkinson disease expertise (experts in neurology, neuropsychiatry, and neurosurgery and specialized nurses) and experienced practitioners of EMA (neuropsychology and neuropsychiatry). We described our most important lessons regarding the content and the phrasing of the EMA questionnaire to inform clinicians and researchers interested in applying EMA in Parkinson disease. Moreover, a recently published checklist provides researchers with a tool to design an EMA-based diary study \[[@ref34]\]. Essential for EMA in Parkinson disease is the similarity between the frequency of EMA assessments and the frequency of symptom fluctuations that are intended to capture. Thus, EMA studies may require different designs depending on whether they monitor levodopa-induced dyskinesia fluctuations over a day or whether they monitor the effect of an extra levodopa agonist on morning bradykinesia.

Validation of Ecological Momentary Assessment in Parkinson Disease
------------------------------------------------------------------

Mean answer values and distributions show expected findings ([Figure 1](#figure1){ref-type="fig"}). Positive affect items are known to be answered higher than negative affect items \[[@ref35]\]. The high mean answers on general motor function and the low mean answers on motor symptoms can be explained by the stable treated population and the relatively low overall disease progression ([Table 1](#table1){ref-type="table"}). Concerning the observed floor and ceiling effects, we only regard the item on hallucinations as obsolete for this population because of the observed extreme floor effect. As stated earlier, negative affect items are known to show a floor effect. Tremor and dyskinesia also show an unsatisfying floor effect, although we think this is because of the low prevalence of these symptoms in our sample. Moreover, the unexpected positive correlation between dyskinesia and experienced off-beeps suggests that the dyskinesia item might not be well understood by patients. Limited awareness on the presence of dyskinesia among patients with Parkinson disease is described earlier \[[@ref36]\]. This finding might also be strengthened by the low prevalence of dyskinesia in the population. We advise, therefore, to avoid the use of nonapplicable, general questions for individual patients. If an item is not applicable for a patient, the patient should be clearly instructed on how to answer that item.

The moderate-to-high correlations present between affect, motor function, and motor symptoms prove the construct validity of the Parkinson disease EMA method partially. The low-to-moderate correlations between motor function and motor symptoms warrant cautious conclusions, and follow-up validation among a narrower selected population with more motor fluctuations is needed to more extensively proof construct validity.

The high number of beeps answered in on-medication condition ([Figure 3](#figure3){ref-type="fig"}) and the weak till absent correlations between difference over time scores ([Multimedia Appendix 1](#app1){ref-type="supplementary-material"}) confirm this hypothesis. Significance levels are calculated using Mann-Whitney *U* tests (all *P*\<0.5). All questions except *Stiffness* differed significantly between on-beeps and non--on-beeps. All questions except *Slowness* and *Stiffness* differed significantly between on-beeps and off-beeps. Ideally, the significant differences that were only found on the group level also hold on individual levels in the next validation study, especially because EMA is intended for individual monitoring.

Despite the fact that further investigation is needed, EMA in Parkinson disease seems to be potentially useful and valid when evaluating the moderate-to-high correlations between affect, general functioning, bradykinesia, and stiffness. Altogether, we interpret our findings as encouraging, and we stress the importance of a careful patient selection depending on the exact goal of EMA monitoring.

Limitations
-----------

The broad inclusion policy was a well-considered choice in the study design, and it resulted in important information about the feasibility and validity of EMA in a broad Parkinson disease population. When applied in a more specified cohort, clinimetric validation analyses necessary for the next step in validation are better feasible, such as principal component analyses to exclude fewer sensitive items. The latter may lead to individual patient- or patient subgroup--specific questionnaire content.

Conclusions
-----------

EMA-based eDiaries are promising to enrich free-living Parkinson disease monitoring with essential information on motor and nonmotor fluctuations. First validation analyses suggest the internal validation of EMA among a general Parkinson disease population. Careful patient selection and EMA design adjustment to this targeted population and their fluctuations are necessary to generate robust proof of EMA validation in future work. Combining clinical Parkinson disease knowledge with practical EMA experience is inevitable to design and perform studies, which will lead to the successful integration of eDiaries in free-living Parkinson disease monitoring.
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